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Abstract
Body mass index z-score (BMIz) based on the CDC growth charts is widely used, but it is 
inaccurate above the 97th percentile. We explored the performance of alternative metrics based on 
the absolute distance or % distance of a child’s BMI from the median BMI for sex and age.
We used longitudinal data from 5628 children who were first examined < 12 y to compare the 
tracking of three BMI metrics: distance from median, % distance from median, and % distance 
from median on a log scale. We also explored the effects of adjusting these metrics for age 
differences in the distribution of BMI. The intra-class correlation coefficient (ICC) was used to 
compare tracking of the metrics.
Metrics based on % distance (whether on the original or log scale) yielded higher ICCs than those 
for distance from median. The ICCs of the age-adjusted metrics were higher than for the 
unadjusted metrics, particularly among children who were either (1) overweight or had obesity, (2) 
younger, and (3) followed for > 3 years. The ICCs of the age-adjusted metrics were also higher 
than those for BMIz among children who were overweight or obese.
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Unlike BMIz, these alternative metrics do not have an upper limit and can be used for assessing 
BMI in all children, even those with very high BMIs. The age-adjusted % from median (on a log 
or linear scale) works well for all ages, while unadjusted % from median is better limited to older 
children or short follow-up periods.
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Introduction
The 2000 Centers for Disease Control and Prevention (CDC) growth charts (1,2) are widely 
used to standardize body mass index (BMI) for differences by sex and age. The charts 
consist of ten BMI percentiles from the 3rd to the 97th, estimated using various smoothing 
methods (1,3). Overweight is classified as BMI ≥ 85th percentile for a child’s sex and age, 
while obesity is a BMI ≥ 95th percentile of these growth charts (4).
These percentiles were subsequently used to derive the three age-specific parameters needed 
for the LMS method (3,5,6): L (power transformation for normality), M (median), and S 
(generalized coefficient of variation). This allows one to calculate the sex-specific BMI-for-
age z-score (BMIz) and corresponding percentile for any child. BMI z-score has been widely 
used in cross-sectional and longitudinal analyses where BMI is treated as a continuous 
variable, including those evaluating the efficacy of interventions among children with very 
high BMI. Continuous variables are best analyzed as continuous rather than dichotomized 
(7,8)
, but there are several limitations of the BMI z-score based on the CDC growth charts.
Because the BMI distribution in childhood in the United States is very skewed, transforming 
it to BMIz shrinks the scale at the upper end. The degree of skewness shows itself in the L 
parameter, the BMI power transformation, being far smaller than 1 (where 1 indicates no 
transformation) and between −2 and −3 at most ages. These low values of the L parameter 
lead to the upper tail of the BMI distribution being compressed into a narrow z-score range 
at most ages (9,10) and an upper limit for BMIz that varies substantially by age and sex (11). 
This compression can result in similarly aged children with markedly different BMIs having 
similar z-scores. Further, because the maximum value of BMIz in the CDC growth charts 
differs by sex and age, it is possible for (say) for the BMI of a 2-year-old girl to increase 
substantially over the next two years, but for her BMIz to decrease by more than 1 SD (12). 
Similar limitations have also been noted for BMIz based on other growth charts constructed 
using the LMS method (11,13). A further problem with the CDC charts is that high z-scores 
do not correspond well with the observed data (14) as they were estimated from data between 
the 3rd and 97th percentiles.
These limitations have resulted in various alternatives being proposed for analyses with BMI 
as a continuous variable. They include focusing on changes in BMI rather than in BMIz in 
longitudinal analyses (15,16), expressing a child’s BMI as a percentage of the 95th percentile 
(%BMIp95) (9,10,14,17) and using a modified z-score that extrapolates a fixed standard 
deviation outwards (18). Although these metrics avoid the compression of very high BMIs 
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into a narrow range of z-scores, it is unclear if they are useful for lower BMIs and if they 
convey similar information across ages. Furthermore, they are tied to the CDC growth charts 
at only one point (the 95th percentile for %BMIp95) or two points (the median and a z-score 
of ± 2 for the modified z-score (19)).
It is possible, however, to create other BMI metrics that are more strongly linked to the CDC 
growth charts and which, unlike %BMIp95, use the more robust estimate of the median. In 
the LMS transformation, for example, L can be set to a fixed value less extreme than −2 or 
−3, such as 1 (corresponding to no transformation), 0 (log transformation) or another 
constant, while retaining the M and S parameters. This leads to a modified metric that can be 
interpreted as either absolute distance (kg/m2) or % distance from the median, avoiding the 
compression of very high BMIs into a narrow z-score range. Further, knowing a child’s 
distance or % distance from the median may be more interpretable than knowing their 
modified z-score or %BMIp95. Expressing BMI as a % distance from the median is similar 
to expressing a child’s weight as a percentage of the median (standard) weight, a metric that 
predates the use of z-scores and centiles (20,21).
Our objective is to evaluate the performance of three alternative metrics to BMIz based on 
setting L equal to 1 or 0. These two L values result in metrics that are interpretable as the 
distance of BMI from the median in absolute (kg/m2) and proportional (%) terms, with the 
latter calculated on both linear and log scales. Thus, the three metrics are: (1) absolute 
distance from the median, (2) % distance from the median, and (3) % distance from the 
median on a log scale. We show how these metrics are related to the LMS transformation, 
and then examine the tracking of these metrics over time and the effects of age adjustment. 
Because of the well documented poor tracking of BMIz among children with severe obesity 
(12,22)
, we do not emphasize comparisons with this metric. The new metrics can be used in 
conjunction with the current cut-points for overweight (BMI between the 85th and 94th 
percentiles of the CDC growth charts) and obesity (BMI ≥ 95th percentile).
Subjects and Methods
Study Sample
The Bogalusa Heart Study examined the development of risk factors for cardiovascular 
disease (23). Seven cross-sectional studies of school-children were conducted from 1973–
1974 through 1992–1994, with each examining about 3500 children. Pre-school 
schoolchildren (n=714) were also examined in 1973–74. We also used information from 640 
18- and 19-year-olds who were examined in various studies during this period (24). All 
procedures were approved by ethics committees at Louisiana State University Medical 
Center and Tulane School of Public Health. Parental permission and assent of the child were 
obtained prior to participation, and informed consent was obtained for participation as an 
adult. The current study is a secondary analysis of these data.
Altogether these studies involved 27,212 examinations among 11,665 2- to 17-year-olds. As 
previously described (25), we excluded data thought to be biologically implausible (26) or 
inconsistent across examinations. To focus on tracking through childhood, we restricted the 
analysis to children who were examined twice or more, with the first visit occurring before 
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age 12 y. This was because the value of S (coefficient of variation) varies substantially with 
age before age 12 y but is relatively constant among older children (10,27), and if S is 
constant, age adjustment will not influence % distance on either the linear or log scale. 
These exclusions resulted in a sample of 5628 children with 18,381 measurements, mean 6.8 
years from first to last measurement.
BMI Metrics
Height was measured to the nearest 0.1 cm and weight to the nearest 0.1 kg; BMI was 
calculated as kg/m2. BMI-for-age z-score (BMIz) was calculated using the sex-age-specific 
values of L (power transformation to achieve normality), M (median), and S (coefficient of 
variation) (5,6) in the CDC growth charts (1,26)
BMIz = BMI/M
L − 1
L×S . (1)
If the value of L is set to 1 or 0, the LMS transformation can be interpreted as either the 
distance (kg/m2) or % distance from the median (on a linear or logarithmic scale). When L = 
1 (i.e. untransformed BMI) equation (1) can be multiplied by M / M to yield
BMIz1 =
BMI−M
M × S . (2)
Multiplication of both the numerator and denominator of (2) by 100 / M yields
BMIz1 =
100 ×  BMI/M − 100
100 ×  S (3)
where the subscript 1 in BMIz1 indicates L = 1. Similarly, when L = 0 (corresponding to log 
BMI) equation (1) can be written as
BMIz0 =
100 ×  log BMI/M
100 ×  S . (4)
Formulas 2 through 4 are alternative z-scores; note that M × S in (2) corresponds to the age-
specific standard deviation. If (2) is multiplied by M × S, BMI is expressed as absolute 
distance (kg/m2) from the median. Similarly if (3) and (4) are multiplied by 100 × S, they 
express BMI as the % distance from the median; equation (4) expresses it on a logarithmic 
scale resulting in symmetrical and equal percentages (28). To illustrate equation (3) vs. (4), 
consider two girls, one whose BMI is twice the median and the other whose BMI is half the 
median. Using (3) their distances from the median are +100% and −50%, while with (4) 
their distances are +69% and −69%.
Thus (2) to (4) measure the distance from the median as respectively
BMI−M kg/m2 (5)
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100 × BMI/M – 100 % (6)
and
100 ×  log  BMI/M % . (7)
It follows that (2) to (4), as forms of z-score, are measures of BMI distance from the median 
scaled by M and/or S. But M and S vary by age, so the relevance of the distance also varies 
by age. To address this, (2) to (4) can be multiplied by values of M and/or S for some 
reference age, say Mref and Sref, which is equivalent to scaling (5) to (7) as follows:
BMI−M × Mref × SrefM × S (8)
100 × BMI/M – 100 × SrefS (9)
and
100 ×  log BMI/M × SrefS . (10)
In this analysis we use a reference age of 20 y, but if desired, a different reference age could 
be used for values of Mref and Sref. Note that (8) to (10) are equivalent to (2) to (4) 
multiplied by either Mref × Sref or Sref, so not only are they age-adjusted metrics, they are 
also scaled z-scores.
To illustrate the metrics, we consider three girls of different ages whose BMI is 140% of the 
95th percentile (14,17) (Table 1). For the 3-year-old, her BMI of 25.6 is a distance of 9.9 
kg/m2 above her age-sex-specific median. Adjusted to age 20 y, her distance is 
9.9 × 21.7 × 0.15315.7 × 0.079 = 26.5 kg/m
2
 from the age-20 median, from (8). This adjustment scales 
the +9.9 kg/m2 distance to the comparable distance at reference age 20 when the BMI 
distribution is more variable. Similarly, from (6) and (9), her BMI as % distance from the 
median is 100 × 25.6/15.7 − 100 = 63% unadjusted, or 63% × 0.153/0.079 = 122% adjusted. 
Finally, her % distance from the median on the log scale, from (7) and (10), is 
100 × log 25.6/15.7 = 49% unadjusted, and 49% × 0.153/0.079 = 95% adjusted. In general, for 
high BMI a child’s % distance, whether unadjusted or adjusted, is about 20% to 30% lower 
when calculated on the log vs. linear scale.
Figure 1 focuses on three girls whose BMI tracks at 60%, 110% and 160% distance from the 
median. Figure 1A compares unadjusted (dashed lines) and adjusted (solid lines) % from the 
median, while Figure 1B shows BMIz. On the BMI scale (A) the unadjusted curves are 
fairly equally spaced at all ages, while the adjusted curves, which account for differences in 
the dispersion of BMI by age, are closer together at younger ages. At age 2 y for example, 
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BMI on the top 160% curve is about 30 adjusted but much higher at 43 unadjusted. On the 
BMIz scale (B) the upper two curves are much closer together than the lower two, and this 
effect becomes more marked with increasing BMIz. The three dots in the left panel represent 
the examples in Table 1, BMIs that are 140% of the 95th percentile at ages 3, 10, and 18, 
and they are all close to 110% adjusted distance. However, the corresponding unadjusted % 
distances vary substantially (63% to 100%, Table 1) showing the difficulty in comparing 
unadjusted % distance across a wide age range.
Statistical Methods
The unadjusted and age-adjusted versions of the three BMI metrics are called: distance from 
the median (5) and (8), % from the median (6) and (9), and log % from the median (7) and 
(10). The metrics are compared on the basis of how well they tracked over time within 
individuals, using the intraclass correlation coefficient (ICC) as a measure of repeatability 
(29,30)
. One property of a good BMI metric is that it should not change materially with age, 
so that values can be compared between younger and older children.
In contrast to the Pearson correlation, the ICC focusses on within-child clustering, 
contrasting the between-child and within-child variances. For example, if two girls had 
BMIs of 20 and 25 initially, and both BMIs increased by 4 kg/m2 upon reexamination, the 
Pearson correlation would be 1. The ICC, however, accounts for the 4 kg/m2 difference 
between examinations, and can be estimated from a one-way analysis of variance using the 
mean square between children, 2 × variance 20 + 242 ,
25 + 29
2 = 25, and mean square (error) 
within children, 0.5 × 4 × 22 = 8; the ICC would be 25 – 825 + 8 = 0.52. A higher ICC 
(maximum 1.0) indicates greater tracking (repeatability) over time.
ICCs for each metric were examined in the overall sample, and also stratified by BMI status, 
age at initial examination, and mean time interval between the first and last examinations. 
All analyses were performed in R (31), and the ICCs were calculated from the variance 
components of mixed-effects models using the lme4 package (32). This corresponds to a one-
way random effects ICC (29,30). As this is a secondary analysis of a large dataset, power 
calculations were not performed.
Results
Table 2 shows descriptive characteristics at the first and last examinations, with mean ages 
7.3 and 13.4 y. Mean BMI increased by 4.1 kg/m2 between the examinations, and BMIz and 
the alternative BMI metrics also increased over time, indicating that, on average, children 
gained BMI faster than indicated by median BMI in the CDC growth charts.
Table 3 compares the ICCs for BMIz and the three BMI distance metrics using data from all 
18,381 examinations (mean, 3.3 per child). Overall, the ICCs for the age-adjusted metrics 
and BMIz were very similar (0.83 to 0.84), while those for the unadjusted metrics were 
slightly lower (0.76 to 0.80). In contrast the ICC for BMI was only 0.52 (not shown), 
indicating the need to adjust BMI for age. Among the 935 children whose initial BMI was at 
or above the 85th percentile, the ICCs for the adjusted metrics (0.70 to 0.71) were larger 
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than those for BMIz (0.62) and the unadjusted metrics (0.54 to 0.60), with the lowest ICC 
seen for distance from the median. The ICCs of the adjusted metrics were also substantially 
higher than those for BMIz and the unadjusted metrics in the subsets of children with higher 
values of their initial BMI (above the 95th, 97th or 99th percentiles). Among the 87 children 
who had an initial BMI ≥ 99th percentile, the ICC for adjusted log % distance from the 
median was lower (0.44) than were the ICCs for the other adjusted metrics (0.52).
Figure 2 shows that the ICCs rose with age at first examination, with the adjusted metrics 
performing better than the unadjusted, particularly in the youngest children. Beyond age 9 y 
the unadjusted and adjusted metrics, particularly for % distance, performed similarly. Of the 
unadjusted metrics, absolute distance from the median performed worst, while the three 
adjusted metrics performed similarly at all ages.
Figure 3 shows the ICCs falling with increasing time interval between the first and last 
examinations, indicating lower tracking as the length of follow-up increased. For intervals < 
3 years (mean 2.5 years) there was little difference in the ICCs of the six metrics. For longer 
intervals, the ICCs fell more steeply for the unadjusted metrics, particularly distance from 
the median, while the ICCs for the adjusted metrics were similar.
Analyses of the ICCs stratified both by time interval and age at first examination (not 
shown) confirmed that there was little difference in the ICCs of the six metrics at any age 
among children re-examined within 3 years. Over longer time intervals, the ICCs of the 
adjusted metrics were larger than those of the unadjusted metrics for children first examined 
before 9 y of age.
Discussion
Despite the limitations of BMI z-score based on the LMS parameters of the CDC growth 
charts for children with severe obesity (10,11,14,15,33), it continues to be widely used for 
children with very high BMI (34–38). As an alternative, we explored metrics that express a 
child’s BMI as the absolute or percentage distance from their median BMI for age and sex. 
These metrics use the M (median) and S (coefficient of variation) parameters of the CDC 
growth charts and can be adjusted for age.
A desirable property of a BMI metric is that it should track over time so that changes can be 
identified. We assessed this tracking using the ICC, a statistic that contrasts between-child 
and within-child variability. Because these alternative metrics, unlike BMIz, do not 
compress very high BMIs into a narrow range that varies by sex and age, it is likely that they 
will more accurately characterize the BMIs of children in both epidemiologic and clinical 
research. These metrics may be particularly useful when assessing the BMI and longitudinal 
changes in BMI of children with a BMI ≥ 97th percentile.
We found that when adjusted for age, the three BMI metrics performed similarly to BMIz 
among all children, unsurprisingly given that they are derived from the LMS transformation. 
However, among children who were either (1) overweight or had obesity, (2) younger, and 
(3) followed for > 3 years, the ICCs of the adjusted metrics were appreciably higher than 
those for the unadjusted metrics. Of note, the effects of initial age and length of follow-up 
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were largely independent. Of the unadjusted metrics, the ICCs for % distance from median 
and log % distance from median were larger than those for distance from median, 
particularly at younger ages and over longer time intervals. There was little difference 
between the age-adjusted linear and log forms of % from the median in most analyses, 
among the 87 children who had an initial BMI ≥ 99th percentile, the ICC for the linear % 
distance was larger than for the log % distance (0.52 vs. 0.44)
These results are related to the parameters underlying the CDC growth charts. The M and S 
values of these parameters in these charts are very different before and after age 12 y (10,27), 
with M rising almost linearly after age 6 y and S increasing steeply between ages 5 and 12 y 
and then stabilizing. The higher ICCs for unadjusted % distance compared to absolute 
distance reflects the coefficient of variation S being less age-dependent than the standard 
deviation M × S.
The lower ICC for BMIz among children with a high BMI reflects its compression at the 
upper end (3,9,11,14,16). Further, the effect of age adjustment is larger among overweight and 
obese children because a) the metrics reflect distance from the median, b) this distance is 
greater for children with a high BMI, and c) the effect of age adjustment is to scale the 
distance by M and/or S, both of which are greater at age 20 than at younger ages. It could be 
argued that a BMI metric should be selected based on the magnitude of its associations with 
risk factors (39,40), but this may be difficult because cross-sectional correlations with risk 
factor levels are low (r ~ 0.2 to 0.4) (41,42) and the variability of these characteristics is 
strongly age-dependent.
The BMI metrics assessed in the current study could be used in conjunction with the current 
cut points for overweight (85th to 94 percentiles) and obesity (BMI ≥ 95th percentile) in the 
CDC growth charts. Although the adjusted BMI metrics correspond more closely to the BMI 
centiles in the growth charts than do the unadjusted metrics, it should be realized that there 
are substantial differences by sex and age. For example, the mean (range) adjusted % 
distance corresponding to the 95th centile is +33% (26 to 37) among boys and +40% (29 to 
46) among girls. Levels of the adjusted metrics also differ substantially by race/ethnicity.
A reviewer suggests that accounting for kurtosis in the BMI distribution might alleviate the 
skewness problem and the resulting compression of very high BMIs into a narrow z-score 
range. For example, the WHO child growth standards explored modeling kurtosis in the 
BMI distribution by fitting the Box-Cox power exponential distribution (43). However, 
attempts to model the BMI distribution in the CDC growth charts using the Box-Cox power 
exponential or Box-Cox t distribution (44) resulted in many values of the L (skewness) 
parameter being more negative than those in the current CDC growth charts. Therefore, 
adjusting for kurtosis does not alleviate the problem of extreme skewness in the CDC growth 
charts and the resulting compression of very high BMIs into a narrow range.
Several limitations of our results should be considered. Because the prevalence of obesity 
(BMI ≥ 95th percentile) is much lower in these analyses (9%) than currently in the United 
States (18.5%) (45), it is possible that we have underestimated the importance of age 
adjustment among contemporary children. Further, methods other than the ICC could be 
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used to evaluate tracking, such as examining the ability of a high BMI to predict a high BMI 
in later life. It should also be noted that although we did not assess the other alternative BMI 
metrics that have been proposed, i.e., modified z-score (18,19) and %BMIp95 (10,14,17,46), 
these two metrics were highly correlated (r > 0.95) with adjusted % distance from the 
median. However, values of % distance from the median are more closely tied to the CDC 
growth charts and may be more interpretable than modified BMIz, or %BMIp95. As levels 
of these alternative BMI metrics likely vary by race/ethnicity, it would also be possible to 
examine these metrics within various subgroups.
Conclusions
Although BMIz continues to be widely used among children with very high BMI, it has 
serious limitations when BMI exceeds the 97th percentile. Of the alternatives we examined, 
% distance from median is better than absolute distance from median based on their ICCs. 
Although log % distance from median partially accounts for the skewness of the BMI 
distribution, we found some evidence to suggest that adjusted % distance from the median 
on the linear scale may superior. These alternative BMI metrics could supplement the 
current cut points in the CDC growth charts and would provide a more nuanced assessment 
for BMI over the 99th percentile to a wider audience (including families of children who 
have a very high BMI.) These alternative metrics would also be useful in long-term studies 
that assess the effects of obesity interventions among children with very high BMIs. For 
clinical purposes, it would also be possible to generate charts illustrating these metrics for 
children with BMI over the 97th percentile.
Acknowledgments
We acknowledge the importance of Dr. Gerald Berenson, who died on 22 November 2018, in this analysis. Dr. 
Berenson contributed to the earlier development and writing of this manuscript and provided key observations. Dr. 
Berenson started the Bogalusa Heart Study in 1972 and was the director for more than 30 years. The findings of the 
Bogalusa Heart Study showed that that the major etiologies of atherosclerosis, coronary heart disease, and 
hypertension begin in childhood. This has resulted in worldwide preventive programs to encourage exercise and 
better nutrition among children.
Funding Source: This work was supported by the National Institutes of Health (JXH: National Institute on Aging 
Grant AG-16592; National Heart, Lung, and Blood Institute Grants HL-38844 and HL-121230).
The findings and conclusions in this report are those of the authors and do not represent the official position of the 
Centers for Disease Control and Prevention.
Abbreviations:
BMI body mass index
CDC Centers for Disease Control and Prevention
%BMIp95 BMI expressed as a percentage of the 95th percentile
BMIz BMI-for-age z-score
L power transformation for normality
M median
Freedman et al. Page 9
Br J Nutr. Author manuscript; available in PMC 2021 February 23.
A
uthor M
an
u
script
A
uthor M
an
u
script
A
uthor M
an
u
script
A
uthor M
an
u
script
S coefficient of variation
References
1. Kuczmarski RJ, Ogden CL, Guo SS, et al. (2002) 2000 CDC Growth Charts for the United States: 
methods and development. Vital and health statistics. Series 11, Data from the national health 
survey 11, 1–190.
2. Ogden CL, Kuczmarski RJ, Flegal KM, et al. (2002) Centers for Disease Control and Prevention 
2000 growth charts for the United States: improvements to the 1977 National Center for Health 
Statistics version. Pediatrics 109, 45–60. [PubMed: 11773541] 
3. Flegal KM & Cole TJ (2013) Construction of LMS parameters for the Centers for Disease Control 
and Prevention 2000 Growth Charts. National health statistics reports 9, 1–3.
4. Ogden CL & Flegal KM (2010) Changes in terminology for childhood overweight and obesity. 
National Health Statistics Reports 25, 1–5.
5. Cole TJ (1990) The LMS method for constructing normalized growth standards. European journal 
of clinical nutrition 44, 45–60.
6. Cole TJ & Green PJ (1992) Smoothing reference centile curves: the LMS method and penalized 
likelihood. Statistics in medicine 11, 1305–19. [PubMed: 1518992] 
7. Ragland DR (1992) Dichotomizing continuous outcome variables: dependence of the magnitude of 
association and statistical power on the cutpoint. Epidemiology (Cambridge, Mass.) 3, 434–40.
8. Royston P, Altman DG & Sauerbrei W (2006) Dichotomizing continuous predictors in multiple 
regression: a bad idea. Statistics in Medicine 25, 127–141. [PubMed: 16217841] 
9. Freedman DS, Butte NF, Taveras EM, et al. (2017) The limitations of transforming very high body 
mass indexes into z-scores among 8.7 million 2- to 4-year-old children. J. Pediatr 188, 50–56. 
[PubMed: 28433203] 
10. Freedman DS, Butte NF, Taveras EM, et al. (2017) BMI z-Scores are a poor indicator of adiposity 
among 2- to 19-year-olds with very high BMIs, NHANES 1999–2000 to 2013–2014. Obesity 
(Silver Spring) 25, 739–746. [PubMed: 28245098] 
11. Woo JG (2009) Using body mass index Z-score among severely obese adolescents: a cautionary 
note. International Journal of Pediatric Obesity 4, 405–410. [PubMed: 19922058] 
12. Freedman DS, Butte NF, Taveras EM, et al. (2017) Longitudinal changes in BMI z-scores among 
45 414 2–4-year olds with severe obesity. Ann. Hum. Biol 44, 687–692. [PubMed: 29082754] 
13. Júlíusson PB, Roelants M, Benestad B, et al. (2018) Severe obesity is a limitation for the use of 
body mass index standard deviation scores in children and adolescents. Acta Paediatr 107, 307–
314. [PubMed: 28992355] 
14. Flegal KM, Wei R, Ogden CL, et al. (2009) Characterizing extreme values of body mass index-for-
age by using the 2000 Centers for Disease Control and Prevention growth charts. American 
Journal of Clinical Nutrition 90, 1314–1320. [PubMed: 19776142] 
15. Berkey CS & Colditz GA (2007) Adiposity in adolescents: change in actual BMI works better than 
change in BMI z score for longitudinal studies. Annals of epidemiology 17, 44–50. [PubMed: 
17140812] 
16. Cole TJ, Faith MS, Pietrobelli A, et al. (2005) What is the best measure of adiposity change in 
growing children: BMI, BMI%, BMI z-score or BMI centile? European Journal of Clinical 
Nutrition 59, 419–425. [PubMed: 15674315] 
17. Gulati AK, Kaplan DW & Daniels SR (2012) Clinical tracking of severely obese children: a new 
growth chart. Pediatrics 130, 1136–40. [PubMed: 23129082] 
18. Chambers M, Tanamas SK, Clark EJ, et al. (2017) Growth Tracking in Severely Obese or 
Underweight Children. Pediatrics 140, https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5703793/.
19. Centers for Disease Control and Prevention (CDC) Modified z-scores in the CDC growth charts 
https://www.cdc.gov/nccdphp/dnpao/growthcharts/resources/biv-cutoffs.pdf (accessed October 
2017).
20. Waterlow JC (1972) Classification and definition of protein-calorie malnutrition. Br Med J 3, 566–
569. [PubMed: 4627051] 
Freedman et al. Page 10
Br J Nutr. Author manuscript; available in PMC 2021 February 23.
A
uthor M
an
u
script
A
uthor M
an
u
script
A
uthor M
an
u
script
A
uthor M
an
u
script
21. Gomez F, Galvan RR, Frenk S, et al. (1956) Mortality in second and third degree malnutrition. J 
Trop Pediatr (Lond) 2, 77–83. [PubMed: 24544135] 
22. Freedman DS & Berenson GS (2017) Tracking of BMI z Scores for severe obesity. Pediatrics 140 
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5574726/.
23. Berenson GS, McMahan CA, Voors AW, et al. (1980) Cardiovascular risk factors in children: the 
early natural history of atherosclerosis and essential hypertension New York: Oxford University 
Press.
24. Webber LS, Cresanta JL, Croft JB, et al. (1986) Transitions of cardiovascular risk from 
adolescence to young adulthood--the Bogalusa Heart Study: II. Alterations in anthropometric 
blood pressure and serum lipoprotein variables. Journal of Chronic Diseases 39, 91–103. 
[PubMed: 3944231] 
25. Freedman DS, Lawman HG, Galuska DA, et al. (2018) Tracking and Variability in Childhood 
Levels of BMI: The Bogalusa Heart Study. Obesity (Silver Spring) 26, 1197–1202. [PubMed: 
29888429] 
26. Centers for Disease Control and Prevention (CDC) (2016) A SAS Program for the 2000 CDC 
Growth Charts https://www.cdc.gov/nccdphp/dnpao/growthcharts/resources/sas.htm.
27. Centers for Disease Control and Prevention (CDC) Percentile data files with LMS values http://
www.cdc.gov/growthcharts/percentile_data_files.htm.
28. Cole TJ & Altman DG (2017) Statistics Notes: Percentage differences, symmetry, and natural 
logarithms. BMJ 358, j3683. [PubMed: 28814563] 
29. Nickerson CAE (1997) A Note On ‘A Concordance Correlation Coefficient to Evaluate 
Reproducibility’. Biometrics 53, 1503–1507.
30. McGraw KO & Wong SP (1996) Forming inferences about some intraclass correlation coefficients. 
Psychological Methods 1, 30–46.
31. R Core Team (2019) R: A language and environment for statistical computing R Foundation for 
Statistical Computing: Vienna, Austria http://www.r-project.org/.
32. Bates D, Maechler M, Bolker B, et al. (2018) lme4: Linear Mixed-Effects Models using ‘Eigen’ 
and S4 http://cran.r-project.org/web/packages/lme4/index.html.
33. Kelly AS & Daniels SR (2017) Rethinking the Use of Body Mass Index z-Score in Children and 
Adolescents with Severe Obesity: Time to Kick It to the Curb? The Journal of Pediatrics
34. Wang Y, Cai L, Wu Y, et al. (2015) What childhood obesity prevention programmes work? A 
systematic review and meta-analysis. Obesity Reviews 16, 547–565. [PubMed: 25893796] 
35. Hampl S, Odar Stough C, Poppert Cordts K, et al. (2016) Effectiveness of a hospital-based 
multidisciplinary pediatric weight management program: Two-year outcomes of PHIT Kids. 
Childhood obesity (Print) 12, 20–5. [PubMed: 26790094] 
36. McCormick EV, Dickinson LM, Haemer MA, et al. (2014) What can providers learn from 
childhood body mass index trajectories: a study of a large, safety-net clinical population. 
Academic pediatrics 14, 639–45. [PubMed: 25129568] 
37. Baughcum AE, Gramling K & Eneli I (2015) Severely obese preschoolers in a tertiary care obesity 
program: characteristics and management. Clinical pediatrics 54, 346–52. [PubMed: 25404751] 
38. O’Connor EA, Evans CV, Burda BU, et al. (2017) Screening for Obesity and Intervention for 
Weight Management in Children and Adolescents. Evidence Report and Systematic Review for the 
US Preventive Services Task Force (USPSTF). JAMA 317, 2427–2427. [PubMed: 28632873] 
39. Dwyer T & Blizzard CL (1996) Defining obesity in children by biological endpoint rather than 
population distribution. International Journal of Obesity 20, 472–480. [PubMed: 8696427] 
40. Williams DP, Going SB, Lohman TG, et al. (1992) Body fatness and risk for elevated blood 
pressure, total cholesterol, and serum lipoprotein ratios in children and adolescents. American 
journal of public health 82, 358–63. [PubMed: 1536350] 
41. Freedman DS, Katzmarzyk PT, Dietz WH, et al. (2009) Relation of body mass index and skinfold 
thicknesses to cardiovascular disease risk factors in children: the Bogalusa Heart Study. American 
Journal of Clinical Nutrition 90, 210–216. [PubMed: 19420092] 
42. Steinberger J, Jacobs DR, Raatz S, et al. (2005) Comparison of body fatness measurements by BMI 
and skinfolds vs dual energy X-ray absorptiometry and their relation to cardiovascular risk factors 
in adolescents. International Journal of Obesity 29, 1346–1352. [PubMed: 16044176] 
Freedman et al. Page 11
Br J Nutr. Author manuscript; available in PMC 2021 February 23.
A
uthor M
an
u
script
A
uthor M
an
u
script
A
uthor M
an
u
script
A
uthor M
an
u
script
43. World Health Organization. Department of Nutrition for Health and Development (2006) WHO 
Child Growth Standards. Length/height-for-age, weight-for-age, weight-for-length, weight-for-
height, and body mass index-for-age. Methods and Development 301–304. Geneva:.
44. Rigby RA & Stasinopoulos DM (2014) Automatic smoothing parameter selection in GAMLSS 
with an application to centile estimation. Stat Methods Med Res 23, 318–332. [PubMed: 
23376962] 
45. Hales CM, Fryar CD, Carroll MD, et al. (2018) Trends in Obesity and Severe Obesity Prevalence 
in US Youth and Adults by Sex and Age, 2007–2008 to 2015–2016. JAMA 319, 1723–1725. 
[PubMed: 29570750] 
46. Kelly AS, Barlow SE, Rao G, et al. (2013) Severe obesity in children and adolescents: 
identification, associated health risks, and treatment approaches: A Scientific Statement from the 
American Heart Association. Circulation 128, 1689–712. [PubMed: 24016455] 
Freedman et al. Page 12
Br J Nutr. Author manuscript; available in PMC 2021 February 23.
A
uthor M
an
u
script
A
uthor M
an
u
script
A
uthor M
an
u
script
A
uthor M
an
u
script
Figure 1. 
BMI (A) and BMI z-score (B) by age for girls who have adjusted BMI distances (solid lines) 
from the median of 60%, 110% and 160%. These values correspond to BMIs of 
approximately 35, 45, and 55 kg/m2 at age 20 years. The dashed lines in (A) represent the 
corresponding unadjusted % distance. The three points in the left panel represent the BMIs 
of a girl at age 3, 10, and 18 years who has a BMI that is 140% of the 95th percentile.
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Figure 2. 
Intraclass correlation coefficients for unadjusted and age-adjusted BMI metrics by age at 
first examination. The points represent the mean age at first examination in each group.
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Figure 3. 
Intraclass correlation coefficients for unadjusted and age-adjusted BMI metrics by the 
interval between the first and last examinations. The points represent the mean interval in 
each group.
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Table 2:
Descriptive Characteristics among 5628 children with longitudinal data*.
First Examination Last Examination Change over time
% Girls 46%
% Blacks 38%
Age 7.3 ± 2.1† 13.4 ± 2.8 6.1 ± 2.7
BMI 16.4 ± 2.5 20.5 ± 4.5 4.1 ± 3.4
BMIz 0.1 ± 1.0 0.2 ± 1.1 0.2 ± 0.7
% Overweight 17% 25%
% Obese 7% 11%
Distance from median, kg/m2 0.5 ± 2.4 1.6 ± 4.2 1.1 ± 2.9
Adjusted distance from median‡, kg/m2 1.1 ± 4.5 2.0 ± 5.2 1.0 ± 3.3
% Distance from median 3.4 ± 14.7 8.8 ± 22.3 5.3 ± 14.7
Adjusted % Distance from median 4.7 ± 20.2 9.1 ± 23.2 4.4 ± 14.8
Log % distance from median 2.5 ± 12.8 6.6 ± 18.6 4.1 ± 12.1
Adjusted log % distance from median 3.5 ± 17.7 6.8 ± 19.4 3.4 ± 12.5
*
The 5628 children had 18,381 examinations altogether; this table is restricted to each child’s first and last examination
†Values of the continuous variables are mean ± SD
‡Adjusted using the reference values of M and S at age 20 y (Table 1)
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